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ABSTRACT 

There are s e v e r a l  r e c e n t  s t u d i e s  concerning t h e  
wobble s t a t e  and wobble c o n t r o l  of t h e  proposed Skylab B 
dur ing  an a r t i f i c i a l  g r a v i t y  experiment. The wobble s t a t e  
i s  synonomous with t h e  presence of angular  a c c e l e r a t i o n  
and angular  a c c e l e r a t i o n  can produce adverse  phys io log ica l  
e f f e c t s  i n  t h e  crew. Therefore, phys io log ica l  f a c t o r s  may 
se t  l i m i t s  on t h e  acceptab le  wobble s ta te .  

A method i s  presented which can be used t o  set  
wobble ang le  l i m i t s  based on a v a i l a b l e  d a t a  from ground 
based t e s t i n g  of angular  a c c e l e r a t i o n  pe rcep t ion  th re sho lds .  
T h e  numerical  r e s u l t s  presented are n o t  considered a b s o l u t e  
s i n c e  t h e  r e l i a b i l i t y  and a p p l i c a b i l i t y  of t h e  d a t a  base i s  
unce r t a in .  They are considered conserva t ive  i n  t h e  sense  
t h a t  t o l e r a n c e  th re sho lds  a r e  g e n e r a l l y  an o rde r  of magnitude, 
o r  more, h ighe r  than percept ion  th re sho lds .  
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INTRODUCTION 

When a s p a c e c r a f t  i s  spun t o  produce an a r t i f i c i a l  
g r a v i t a t i o n a l  f i e l d ,  the  r o t a t i o n a l  dynamics can cause 
p h y s i o l o g i c a l  e f f e c t s  of a n a t u r e  no t  experienced i n  o rd ina ry  

Ear th  g r a v i t y  . These e f f e c t s ,  which can in f luence  man ' s  
g r o s s  and f i n e  motor performance, may be p r e s e n t  even i f  
t h e  r o t a t i n g  p l a t fo rm i s  p e r f e c t l y  s t eady .  Steady r o t a t i o n  
impl i e s  an angular  v e l o c i t y  v e c t o r  which i s  cons t an t  i n  magni- 
tude  and d i r e c t i o n .  I f  t he  r o t a t i o n  i s  non-steady, angular  
a c c e l e r a t i o n  i s  p r e s e n t ,  and t h e  sp inning  body i s  s a i d  t o  
wobble. A wobble condi t ion  i s  then synonomous w i t h  t h e  
presence of angular  a c c e l e r a t i o n ,  and c r e a t e s  a d d i t i o n a l  
s t i m u l i i  which f u r t h e r  d i s t o r t  t h e  o b j e c t i v e  of producing 
a nea r  n a t u r a l  g r a v i t a t i o n a l  f i e l d .  A s t a t e  of wobble can 
be produced by c r e w  motions and/or undes i r ab le  torques  or 
i t  may be t h e  r e s u l t  of an off-nominal spin-up procedure.  
A commonly used measure of t h e  wobble s ta te  is  t h e  wobble 
a n g l e ,  def ined  as t h e  angle between t h e  angular  v e l o c i t y  
v e c t o r  and t h e  nominal body s p i n  a x i s .  The wobble angle  

i s ,  in gene ra l ,  t i m e  dependent. 
proposed t h e  use of a parameter c a l l e d  t h e  excess  energy 
r a t i o  t o  c h a r a c t e r i z e  t h e  wobble s t a t e ,  p r imar i ly  because 
i t  enjoys t h e  proper ty  of t i m e  i nva r i ance .  I n  t h i s  work, 
r e s u l t s  are presented  i n  terms of both parameters ,  maximum 
wobble angle  and excess  energy r a t i o ,  f o r  g r e a t e r  u se fu lness .  

G. M. Anderson ( * )  has 

Determination of wobble angle  l i m i t s  i s  important  
t o  s e v e r a l  s t u d i e s  being conducted of the  a r t i f i c i a l  g r a v i t y  
experiment op t ion  f o r  t h e  proposed Skylab B. 
e f f e c t  of t h e  spin-up procedure on wobble angle  i s  important  
i n  a s ses ing  t o t a l  c o n t r o l  sys tern requirements.  A procedure 
i s  o u t l i n e d  i n  t h i s  memorandum which can be used t o  se t  
accep tab le  l i m i t s  us ing  the  r e s u l t s  of ground based physio- 
logical  t e s t i n g  of human s u b j e c t s  i n  spinning environments. 

For example t h e  
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ANGULAR ACCELERATION SENSITIVITY 

S i n c e  wobble is  synonomous w i t h  angular  a c c e l e r a t i o n ,  
a l o g i c a l  s t a r t i n g  p o i n t  i s  t o  e s t a b l i s h  t h e  a b i l i t y  of man t o  
s e n s e  angular  a c c e l e r a t i o n  s t i m u l i i .  The  f l u i d  motion i n  t h e  
semic i r cu la r  c a n a l s  of t h e  i n n e r  ear are t h e  means by which man 
d e t e c t s  angular  a c c e l e r a t i o n s  about t h r e e  approximately mutual lv  
perpendicular  axes .  The motion of t h e  f l u i d  i s  a measure of t h e  
angular  a c c e l e r a t i o n  s t imulus  and t h e  b r a i n  r e a c t s  t o  t h e  f l u i d  
motion by producing voluntary  and involuntary  r e a c t i o n s  i n  t h e  
s u b j e c t .  The smallest magnitude of angular  a c c e l e r a t i o n  which 
can be sensed r e p r e s e n t s  a s e n s i t i v i t y  l e v e l  o r ,  i n  o t h e r  words, 
a pe rcep t ion  threshold .  
a s soc ia t ed  with a r o t a t i n g  environment, nystagmus b l u r r i n g  and 
C o r i o l i s  i l l u s i o n ,  can be employed t o  e s t a b l i s h  percept ion  
th re sho lds .  C e r t a i n l y ,  us ing  pe rcep t ion  th re sho lds  t o  set  l i m i t s  
on wobble angle  i s  t h e  conserva t ive  approach s i n c e  t o l e r a n c e  
l e v e l s  are g e n e r a l l y  much h igher  (by an o rde r  of  magnitude, o r  
more).  

Two common phys io log ica l  e f f e c t s  

Nystagmus B lu r r ing  

Nystagmus b l u r r i n g  i n  s u b j e c t s  undergoing angular  
a c c e l e r a t i o n  i s  caused by t h e  invo lun ta ry  s l o w  d r i f t  of t h e  
eyes i n  one d i r e c t i o n  and t h e  sudden r a p i d  movement t o  an approxi- 
mately c e n t r a l  p o s i t i o n .  
i t  i s  a good i n d i c a t o r  f o r  t h e  measurement of t h re sho ld .  A s  

r e p o r t e d  by Larson, (1) an equat ion  developed by Guedry and 
Richmond(3) t h a t  mathematically determines t h e  t h re sho ld  for  
nystagmus b l u r r i n g  i s  

Because t h e  e f f e c t  i s  no t  s u b j e c t i v e ,  

6.8 x = 1 -0.  I t  - e  

where ~1 i s  t h e  th re sho ld  angular  a c c e l e r a t i o n  i n  rad/sec2 and 
t i s  t h e  d u r a t i o n  of t h s  d i s tu rbance  a c c e l e r a t i o n  i n  seconds. 
The number 6 . 8  x i s  experimental ly  der ived .  



c 

BELLCOMM. INC. - 3 -  

C o r i o l i s  I l l u s i o n  

The name C o r i o l i s  i l l u s i o n  d e r i v e s  from t h e  Cor io l i s  
a c c e l e r a t i o n  t e r m  i n  t h e  expression f o r  p a r t i c l e  a c c e l e r a t i o n  i n  
a r o t a t i n g  frame, %, which i s  given by 

where w i s  t h e  angular  v e l o c i t y  of t h e  r o t a t i n g  frame and V i s  
t h e  v e i o c i t y  of t h e  p a r t i c l e  wi th  r e s p e c t  t o  t h e  r o t a t i n g  Frame. 
When a s u b j e c t  pos i t i oned  i n  a r o t a t i n g  frame as shown i n  F igure  1 
nods h i s  head wi th  ra te  R ,  t h e  r e l a t i v e  v e l o c i t y  o f  any p a r t i c l e  
of t h e  c a n a l  i n  t h e  y-z plane a t  a d i s t a n c e  r from t h e  a x i s  of 
head r o t a t i o n  ( t h e  y a x i s )  i s  

n h n 

V = R j  x r k  = r R i  - 

and t h e  C o r i o l i s  a c c e l e r a t i o n  of t h a t  p a r t i c l e  i s ,  from ( 2 ) ,  

h n h 

A = 2 wk x r R i  = 2 r w R j  
-C 

R e a l  forces w i l l  be t ransmi t ted  by t h e  s t r u c t u r e  of t h e  body t o  
provide  t h e s e  a c c e l e r a t i o n s  i f  t h e  c a n a l  i s  to  remain r i g i d l y  
a t t a t c h e d  t o  t h e  head, which i s  assumed. N o r m a l  f o r c e s  between 
t h e  c a n a l  and t h e  f l u i d  within it w i l l  c o n s t r a i n  t h e  f l u i d  so  
t h a t  i t  accelerates with t h e  c a n a l  i n  normal d i r e c t i o n s .  There 
are no  s i m i l a r  t a n g e n t i a l  fo rces .  Assuming an incompressible  
f l u i d ,  a r e l a t i v e  t a n g e n t i a l  a c c e l e r a t i o n  w i l l  e x i s t  between t h e  
f l u i d  and t h e  c a n a l  and it w i l l  appear t o  t h e  s u b j e c t ,  who i s  
used t o  non-ro ta t ing  environments, t h a t  he has  an angular  
a c c e l e r a t i o n  about t h e  x-body a x i s .  The t a n g e n t i a l  a c c e l e r a t i o n  
of t h e  f l u i d  i n  s e m i c i r c u l a r  c a n a l  due t o  the  C o r i o l i s  e f f e c t  
i s  t h e  same as it would be with a r ea l  angular  a c c e l e r a t i o n  of 
magnitude 

a = wR X 
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Thus d a t a  on pe rcep t ion  of t h e  C o r i o l i s  i l l u s i o n  i n  a r o t a t i n g  
environment i s  u s e f u l  i n  determining pe rcep t ion  t h r e s h o l d  t o  
r ea l  angular  a c c e l e r a t i o n s .  A C o r i o l i s  t h re sho ld  va lue  used 
by Larson and repor ted  o r i g i n a l l y  by Clark and Hardy ( 4 )  is 

2 2 wR = 0 .06  rad /sec 

On i n v e s t i g a t i o n ,  it w a s  d iscovered t h a t  t h i s  t h re sho ld  i s  based 
on one s u b j e c t  only and, t h e r e f o r e ,  conclusions reached us ing  
t h i s  va lue  should be so q u a l i f i e d .  Another factor  in f luenc ing  
t h e  s t a t i s t i c s  i s  t h a t  some of t h e  t e s t i n g  procedures  r e q u i r e  a 
s u b j e c t i v e  response by t h e  ind iv idua l .  With t h e s e  q u a l i f i c a t i o n s  
w e  can combine ( 4 )  and ( 5 )  and s ta te  t h a t  t o  be below t h e  
th re sho ld  of de tec t ion  of t he  crewman, wobble angular  a c c e l e r a t i o n  
must s a t i s f y  

2 
a 5 0 . 0 6  rad/sec 

I t  i s  important  t o  no te  t h a t  t h e  occurrence of t h e  C o r i o l i s  
i l l u s i o n  i s  i n  no way dependent on t h e r e  being a wobble cond i t ion .  
T h a t  i s ,  t h e  C o r i o l i s  i l l u s i o n  can occur  on a p e r f e c t l y  s teady  
r o t a t i n g  platform.  

(1) and ( 6 )  t o  t h e  wobble a n g l e .  
The nex t  s t e p  i s  t o  re la te  t h e  va lues  of ci given  i n  

RELATIONSHIP BETWEEN WOBBLE ANGLE AND ANGULAR ACCELERATION 

L e t  t h e  x ,  y ,  and z axes be t h e  axes of minimum, 
in t e rmed ia t e  and maximum moments of i n e r t i a ,  r e s p e c t i v e l y ,  of 
t h e  Skylab B v e h i c l e .  
of t h e  s p a c e c r a f t  are 

E u l e r ' s  equa t ions  f o r  to rque  free motion 

I x h x  + ( Iz  - I ) w  w = 0 
Y Y =  I 

and 
I & + (Ix - I z ) w z w x  = 0 

Y Y  

I Z & Z  + (Iy - I x ) w  X Y  w = 0 J 
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where 0 w and w z  are t h e  components of angular  v e l o c i t y  and 
x' Y 

I and Iz are t h e  moments of i n e r t i a s  about  t h e  a p p r o p r i a t e l y  I x f  y 
s u b s c r i p t e d  axes.  
t o  t h e  wobble s t a t e  i s  achieved by so lv ing  (7) with w Z  a c o n s t a n t ,  
which g ives  

As noted by Anderson(*) ,  a good approximation 

and 

where, 

w Y = w  YO cos B t  +*w xo s i n  B t  
X 

Iz - I 

I X  
kx - I 

IZ - I X  

- 

I k =  I 

Y Y 

B = v k k  w x y 2' 

are i n i t i a l  va lues .  The motion r ep resen ted  by 
YO 

and wxo and w 

(8) i s  t h a t  of w sweeping out  a r i g h t  e l l i p t i c a l  cone around z .  
For a r e p r e s e n t a t i v e  Skylab B v e h i c l e ,  

and 

qF = 
X 

0.18, 

0.83, 

0.386 wz,  

0.467 

2.14 
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To a l i g n  t h e  major ax is  of -he e l l i p s e  along ,he y-ax is ,  w e  
can wi thout  loss i n  g e n e r a l i t y ,  s e t  wx0 = 0 .  Then 

o = - 0 . 4 6 7  w 
X YO 

and 

The maximum wobble angle  i s ,  from ( 9 ) ,  

w 
t a n  e m  = -.LEE = 5 w 

z z w 

D i f f e r e n t i a t i n g  ( 9 )  g ives  the angular  a c c e l e r a t i o n  components i n  
wobble as 

and 7 G = - 0 . 4 6 7  B w COS B t  
X YO 

h = - B  w s i n  B t  Y Y O  J 
The maximum a b s o l u t e  va lue  of angular  a c c e l e r a t i o n ,  a, i s  from 
(11) 

= B w  
' y  MAX Y O  

a =  

or ,  s u b s t i t u t i n g  from (10) 

a = B w z  t a n  O m .  

The percept ion  th re sho ld  value of maximum wobble angle  based on 
nystagmus b l u r r i n g  i s  found by combining (1) and ( 1 2 ) .  Thus, 
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where t h e  t i m e  of  d i s turbance  d u r a t i o n ,  t ,  has  been taken  as 
t h e  h a l f  pe r iod  of t h e  wobble; i . e . ,  

S i m i l a r l y ,  t h e  percept ion  th re sho ld  va lue  of  maximum wobble 
ang le  based on t h e  Cor io l i s  i l l u s i o n  i s  from equat ions  ( 6 )  
and ( 1 2 )  

0 . 0 6  
t a n  8, = - 

O Z  

RES ULT S 

The precept ion  th re sho ld  wobble angles  from 
equa t ions  ( 1 3 )  and ( 1 4 )  a r e  p l o t t e d  a s  a func t ion  of wobble 
frequency ( 6 )  and v e h i c l e  s p i n  r a t e  i n  Figure 2.* Resu l t s  
are a l s o  given i n  t e r m s  of t h e  excess  energy r a t i o ,  def ined  
by Anderson(2) as t h e  percent  e x t r a  k i n e t i c  energy i n  t h e  
wobble s ta te  compared t o  t h e  s t eady  r o t a t i o n  s t a t e  wi th  
minimum energy b u t  t h e  same angular  momentum. Since a 
s u b j e c t  cannot  sense  angular  a c c e l e r a t i o n  below t h e  th re sho ld  
va lue  and, on t h e  o t h e r  hand, can e a s i l y  tolerate  va lues  of 
angu la r  a c c e l e r a t i o n  subs t a n t i a l l y  exceeding th re sho ld ,  i t  
seems conserva t ive  t o  i n t e r p r e t  t h e  r e s u l t s  a s  wobble angle  
l i m i t s .  Note t h a t  nystagmus b l u r r i n g ,  t h e  i nvo lun ta ry ,  non- 
s u b j e c t i v e  response ,  y i e l d s  t h e  more s t r i n g e n t  l i m i t .  

*At a wobble angle  of 18.5',  t h e  e r r o r  i n  t h e  maximum 
a c c e l e r a t i o n  given by t h e  l i n e a r i z e d  theory  presented  here i s  
about  5%, and t h i s  e r r o r  i n c r e a s e s  as t h e  wobble angle  or excess  
energy r a t i o  i n c r e a s e s .  The d o t t e d  p o r t i o n s  of t h e  Nystagmus 
and C o r i o l i s  t h re sho ld  curves,  given by t h e  l i n e a r  theory ,  cor- 
respond t o  angular  a c c e l e r a t i o n s  more than 5% d i f f e r e n t  from pro- 
posed th re sho ld  a c c e l e r a t i o n s  given by (1) and (6) r e s p e c t i v e l y .  
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FIGURE 1 -CORIOLIS ILLUSION MECHANISM 
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FIGURE 2 -WOBBLE ANGLE LIMIT VS. WOBBLE FREQUENCY AND SPIN RATE 


